In addition to its well-known role in pattern vision, light influences a wide range of non-image forming, subconscious visual behaviors including circadian photoentrainment, sleep, mood, learning, and the pupillary light reflex. Each of these behaviors is thought to require input from the M1 subtype of melanopsin-expressing, intrinsically photosensitive retinal ganglion cell (ipRGC). Recent work has demonstrated that the M1 subtype of ipRGC can be further subdivided based on expression of the transcription factor Brn3b. Brn3b-positive M1 ipRGCs project to the olivary pretectal nucleus and are necessary for the pupillary light reflex, while Brn3b-negative M1 ipRGCs project to the suprachiasmatic nucleus (SCN) and are sufficient for circadian photoentrainment.
| INTRODUCTION
Light influences a wide array of visual behaviors that occur outside of conscious perception including circadian photoentrainment, the pupillary light reflex, sleep, and modulation of mood and learning Güler et al., 2008; Hatori et al., 2008; LeGates et al., 2012) .
Ablation of the M1 subtype of melanopsin-expressing, intrinsically photosensitive retinal ganglion cells (ipRGCs) results in a loss of these subconscious behaviors but retention of normal image forming vision Güler et al., 2008; Schmidt et al., 2014) . In agreement with these findings, mapping of M1 ipRGC projections to the brain reveals innervation of multiple areas involved in these same subconscious visual behaviors, such as the suprachiasmatic nucleus of the hypothalamus (SCN; involved in circadian photoentrainment), the olivary pretectal nucleus (OPN; involved in the pupillary light reflex), the intergeniculate leaflet (IGL), and the ventral lateral geniculate nucleus (vLGN) (Hattar et al., 2002 (Hattar et al., , 2006 Chen, Badea, & Hattar, 2011) .
There are at least five subtypes of ipRGC (M1-M5) and each type exhibits a distinct complement of morphological and physiological characteristics, central projections, and behavioral roles Schmidt & Kofuji, 2009; Schmidt, Chen, & Hattar, 2011; Ecker et al., 2010; Schmidt et al., , 2014 Schmidt & Kofuji, 2011) . The M1 subtype is characterized by dendritic stratification in the OFF sublamina of the inner plexiform layer, high melanopsin expression, and innervation of more than a dozen brain areas involved primarily in subconscious, non-image forming behaviors (Hattar et al., 2006; Schmidt & Kofuji, 2009; Berson, Castrucci, & Provencio, 2010; Ecker et al., 2010; Schmidt et al., , 2014 Estevez et al., 2012; Dellapolla et al., 2017) . Until recently, M1 ipRGCs were thought to constitute a single, uniform subtype of ipRGC. However, we now know that M1 ipRGCs can be molecularly subdivided based on whether they express the basic helix-loop-helix transcription factor Brn3b (Pou4f2). Non-M1 ipRGCs, in contrast, all express Brn3b. Ablation of Brn3b-positive ipRGCs via conditional expression of diphtheria toxin (DTA) (Figure 1) selectively eliminates M1 ipRGC innervation of the OPN, but not the SCN, resulting in a severely diminished pupillary light reflex while circadian photoentrainment is retained . Thus, Brn3b-positive M1 ipRGCs are necessary for the pupillary light reflex and Brn3b-negative M1 ipRGCs are sufficient for circadian photoentrainment, demonstrating divergent projections and behavioral roles for Brn3b-positive and Brn3b-negative M1 ipRGCs.
Despite this recent discovery of M1 ipRGC diversity, little is known about the projection patterns of M1 subtypes beyond the brain areas that mediate circadian behaviors and the pupillary light reflex (Hattar et al., 2006; Chen et al., 2011) . Here, we utilize a mouse line where all M1 ipRGC projections are labeled (Hattar et al., 2006) and one where only Brn3b-negative M1 ipRGC projections are labeled to generate a comprehensive characterization of Brn3b-positive and Brn3b-negative M1 ipRGC projections to the brain (Figure 1 ). We find that Brn3b-positive M1 ipRGCs constitute the majority of sparse M1 ipRGC innervation of the thalamus, hypothalamus, and midbrain. Our data demonstrate the Brn3b-positive and Brn3b-negative M1 ipRGCs show very little overlap in their projection patterns, thus establishing the groundwork for future behavioral studies of the role of M1 subpopulations in non-image forming behaviors.
| MATERIALS AND METHODS

| Animals
All procedures were conducted in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee of Northwestern University. Opn4
Cre and Opn4 tau-LacZ (provided by Dr. Samer Hattar) and Brn3b z-dta (provided by Dr. William Klein) were maintained on a mixed C57Bl/6J; 129Sv/J background. (Hattar et al., 2002 (Hattar et al., , 2006 Mu et al., 2005) . Animals were given food and water ad libitum and kept on a 12:12 light/dark cycle. Male and female littermate animals between the ages of 2 and 4 months were used. Opn4 Cre/tau-LacZ (n = 5, referred to as "Control" within the text) mice where all ipRGCs are intact but only M1 ipRGCs express tau-LacZ were used to label all M1 ipRGC projections (Hattar et al., 2002 (Hattar et al., , 2006 and Opn4
Cre/tau-LacZ ; Brn3b z-dta/+ (n = 5, referred to as "Brn3bDTA" within the text; RRID:MGI:5285915) mice where all Brn3b-positive ipRGCs (including all non-M1 ipRGCs and Brn3b-positive M1 ipRGCs) are ablated but only M1 ipRGCs express tau-LacZ were used to label Brn3b-negative M1 ipRGC projections . This strategy is outlined in Figure 1 .
| X-gal staining
Mice were perfused with 25 mL of 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; pH 7.4) and the brain was cryoprotected in 30% sucrose in PBS overnight. Serial 50 μm coronal cryosections were collected and all sections were stained on glass slides at room temperature. Sections were washed with PBS and incubated twice in Buffer B for 10 min (100 mM phosphate buffer [pH 7.4], ; hereafter referred to as Brn3bDTA, n = 5) (Hattar et al., 2002; Chen et al., 2011) . In both the Control and Brn3bDTA lines, M1
ipRGC axons can be visualized with X-gal staining (Hattar et al., 2006) , allowing us to specify whether known M1 ipRGC targets are innervated primarily by Brn3b-positive M1 ipRGCs, Brn3b-negative M1 ipRGCs, or both ( Figure 1 ). In agreement with the initial report, we found that 3.3 | Brn3b-positive M1 ipRGCs are the major M1 ipRGC input to non-SCN hypothalamic targets M1 ipRGC innervation of the SCN of the hypothalamus is largely preserved in Brn3bDTA mice (Figure 2e ,f, and, ). M1
ipRGCs have been shown to innervate multiple targets in the hypothalamus in addition to the SCN, but the contribution of Brn3b-positive and Brn3b-negative M1 ipRGCs to these projections is unknown (Hattar et al., 2006) . Therefore, we next asked whether innervation of hypothalamic targets outside of the SCN were intact in mice lacking Brn3b-positive M1 ipRGCs. Control mice showed sparse, but reproducible M1 ipRGC innervation of the ventral medial hypothalamus (VMH), the peri supraoptic nucleus (pSON), and the ventrolateral pre-optic area (VLPO), in agreement with previous reports (Figure 4c ,e,g) (Hattar et al., 2006) . In contrast, these three structures were devoid of M1 ipRGC innervation in Brn3bDTA animals ( Figure 4d,f,h ). The optic tract, which is visible in sections at this rostro-caudal level, also contained densely packed beta-galactosidase positive fibers that were greatly reduced in Brn3bDTA animals (Figure 4a,b) . Collectively, our anatomical data indicate that Brn3b-positive M1 ipRGCs account for the majority of projections to midbrain and non-SCN hypothalamic targets. A complete anatomical summary of total M1 ipRGC (Control line) versus Brn3b-negative M1 ipRGC (Brn3bDTA line) innervation patterns is provided in Figure 5 and the phenotypic frequency is quantified in Figure 6 .
| DISCUSSION
Here, we have used mouse lines where all M1 ipRGCs or only Brn3b-negative M1 ipRGCs are labeled to define the projections of Brn3b-positive and Brn3b-negative M1 ipRGCs throughout the brain.
Though previous work had described the relative contribution of these ipRGCs to pupillary and circadian brain areas, the contribution of Brn3b-positive and Brn3b-negative M1 ipRGC inputs to other brain areas remained unknown. We find that Brn3b-positive M1 ipRGCs constitute the majority of M1 ipRGC innervation to non-circadian targets in the midbrain, thalamus, and hypothalamus.
The projection of Brn3b-positive M1 ipRGCs to areas such as the LHb, pSON, and VMH implicate these ipRGCs in light-evoked behaviors linked to these brain regions including: modulation of mood, body temperature, and feeding among others (Saper, Scammell, & Lu, 2005; Hoebel & Teitelbaum, 1962; Hattar et al., 2006; Stephenson, Schroder, Bertschy, & Bourgin, 2012; LeGates, Fernandez, & Hattar, 2014 ).
The VLPO is another hypothalamic area that receives innervation specifically from Brn3b-positive ipRGCs. This region has been implicated in sleep induction and it is possible that these two subpopulations of M1 ipRGC could correspond to the recently reported melanopsinregulated pathways that promote arousal (Brn3b-negative M1 cells)
versus sleep (Brn3b-positive M1 cells) (Pilorz et al., 2016) . It is also possible that non-M1 cells are involved in light-driven behaviors arising from the hypothalamus and are the source of these divergent pathways (Pilorz et al., 2016) (Harrington, 1997; Chen et al., 2011; Morin, 2013) .
Interestingly, the only brain area that appears to have normal innervation in the Brn3bDTA animal is the SCN, indicating that Brn3b-positive M1 cells are poised to exert major influence on subconscious visual behaviors. Previous reports have indicated that the SCN does receive some input from Brn3b-positive ipRGCs (Badea, Cahill, Ecker, Hattar, & Nathans, 2009; Chen et al., 2011) . Given the dense innervation by Brn3b-negative M1 ipRGCs in the SCN, loss of projections from Brn3b-positive M1 ipRGCs in this area in the Brn3bDTA mouse line could not be discerned. Therefore, it is unclear whether hypothalamic areas outside of the SCN are the sole target of Brn3b-positive M1 ipRGCs or if this innervation arises from axon collaterals of SCN-projecting, Brn3b-positive M1 ipRGCs (Fernandez, Chang, Hattar, & Chen, 2016 ).
Though we identified 12 brain areas innervated by M1 ipRGCs, we
were not able to consistently identify all previously described M1 ipRGC projections in Control mice in our studies (e.g. the periaqueductal gray area, lateral hypothalamus, stria terminalis). This is likely due to the fact that technical limitations requiring one Cre-expressing allele at the Opn4 locus prevented our using the homozygous Opn4
LacZ/LacZ mice used in previous studies, which would produce more robust and complete labeling of sparsely innervated targets (Hattar et al., 2006) .
Thus, only brain regions where consistent staining was observed in Control animals were used for comparison to the Brn3bDTA line to avoid confounding actual changes in projection patterns with variability in staining of sparse projections. Identification of the contribution of Brn3b-positive and Brn3b-negative M1 ipRGCs to these additional targets will be an important avenue for future research as new reagents become available to label M1 axons more robustly. Collectively, these findings provide a reference that will facilitate future work to map the anatomical and behavioral circuits underlying multiple subconscious visual behaviors.
